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Abstract: The propagation of a probe electromagnetic field through a counterpropagating
strong plane wave is investigated. The effects of the electromagnetic field-(pseudo)scalar
axion field interaction and of the self-interaction of the electromagnetic field mediated by
virtual electron-positron pairs in the effective Lagrangian approach are included. First,
we show that if the strong field is circularly polarized, contrary to the leading-order non-
linear QED effects, the axion-photon interaction induces a chiral-like birefringence and a
dichroism in the vacuum. The latter effect is explained by evoking the conservation of the
total angular momentum along the common propagation direction of probe and the strong
wave, which allows for real axion production only for probe and strong fields with the same
helicity. Moreover, in the case of ultra-short strong pulses, it is shown that the absorption
coefficients of probe photons depend on the form of the pulse and, in particular, on the
carrier-envelope phase of the strong beam. The present results can be exploited experimen-
tally to isolate nonlinear vacuum effects stemming from light-axion interaction, especially
at upcoming ultra-strong laser facilities, where stringent constraints on the axion-photon
coupling constant are in principle provided.
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1 Introduction
The ATLAS and the CMS collaboration have provided compelling evidences which point
out the existence of a new heavy resonance [1–4] that resembles closely the Higgs boson of
the standard model [5]. At energies much below the scale specified by its mass ≈ 125 GeV,
other scalar and pseudoscalar representations of the Lorentz group are likely to occur as
elementary particles, too. In some cases they arise as an outcome of theories necessary
for solving specific problems in the Standard Model. The QCD axion, for instance, is the
Nambu-Goldstone boson resulting from the spontaneous breaking of the Peccei-Quinn sym-
metry. It enforces the strong CP conservation [6–8] and constitutes the genuine paradigm
of axion-like particles (ALPs). These are very light and weakly interacting (pseudo)-scalar
particles, whose theoretical conception appears connected to some extensions of the Stan-
dard Model resulting from string compactifications [9, 10]. Although neither axion nor
ALPs have been detected so far experimentally, astrophysical and cosmological arguments
have allowed to impose severe constraints on their masses and coupling constants. While
the QCD axion might have a mass embedded between 1 µeV− 10 meV [11, 12], the ALPs
masses are much less constrained [13, 14]. Furthermore, the solar monitoring of a plausible
axion flux from the sun [15] as well as an assessment of its role in the cooling of stars [16–18]
are setting the most stringent upper bound on the strength of the ALP-photon coupling
g . 10−10 GeV−1. Despite that, the validity of these limits must be considered with care
due to their dependence on the models from which they are obtained [19, 20]. This fact
represents a strong motivation for investigating alternative laboratory-based routes, ideally,
with enough sensitivity as to compete with the astrophysical constraints.
In order to achieve this goal, many theoretical researches have been carried out. Most
of them rely on the hypothetical photon-ALP oscillations driven by an external magnetic
field [20–24]. This is because, on the one hand, the resulting axion effects manifest in
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the modification of the optical properties of the vacuum, i.e., birefringence and dichroism
[25–30], whereas, on the other hand, the regeneration process of a photon from an ALP
could also provide some trace of its existence [31–34]. Both ideas have been implemented
in polarimetry [35–38] and “Light Shining Through a Wall” [39–47] experiments, but the
feeble coupling between a photon and an ALP remains a big challenge to overcome in the
search of high levels of sensitivity. There are, however, hopes to solve this issue by increasing
the magnetic field strength and its spatial extension. Currently, the interaction region can
be macroscopically extended up to an effective distance of the order of kilometers. But,
attainable strengths of the magnetic field are of the order of 104-105 G, which is not large
enough to make the desirable effects manifest. With the perspectives of achieving soon
much stronger field strengths of the order of 1011-1012 G in a short linear space-extension
of the order of 10 µm [48, 49], ultrahigh intense lasers can become an alternative tool for
investigating ALPs-induced effects [50–53]. These facilities are envisaged to reach the power
level of 200 PW (future prospects even aim to reach the 1 EW threshold [49]), corresponding
to a peak intensity of the order of 1025 W/cm2 at diffraction limit. Since such intensities
are only few orders of magnitudes below the critical one of QED (Icr = 4.6×1029 W/cm2),
there are also hopes that nonlinear effects including the production of electron-positron
pairs from the vacuum [54–56], photon splitting [57] and vacuum-polarization effects [58–
62] may soon be detectable for the first time, together with other processes beyond QED
as pion [63] and Higgs [64] production (see also the recent review [65]). However, the
presence of an ALP would distort and mix with all these other effects, in particular, with
those associated to the dispersive phenomena. Hence, it is desirable to find a setup where
vacuum-polarization effects as predicted by QED and mediated by virtual electron-positron
pairs, and those elicited by the presence of ALPs could be ideally isolated from each other.
In this work we investigate self-interaction effects of the electromagnetic field mediated
by both virtual electron-positron pairs and the ALPs. We put forward a very simple setup,
which allows in principle to isolate polarization-dependent effects stemming only from the
self-interaction of the electromagnetic field in vacuum mediated by a scalar or pseudoscalar
ALP. In fact, we find that if a probe plane-wave field counterpropagates with respect to a
strong, circularly polarized plane wave, the ALP-mediated interaction between the probe
and the strong field depends on the mutual helicity of the fields, whereas the one resulting
at leading order [66–68] from the polarization of the virtual electron-positron pairs does
not distinguish between the two helicity states of the probe. In particular, we will see that
in the investigated regime, due to the conservation of the total angular momentum along
the common propagation direction of the fields, a real ALP can be created only if the probe
and the strong field has the same helicity. Moreover, the ALP-photon coupling is shown to
induce modifications in the birefringence and dichroism of the vacuum of virtual electron-
positron pairs. In addition, we indicate that in the case of an ultra-short strong plane wave,
ALP-induced birefringence and dichroic effects also depend on the carrier-envelope phase
(CEP) of the strong field. The effects calculated here could provide strong constraints on
the axion-photon coupling constant if tested at upcoming ultra-intense laser facilities as
the Extreme Light Infrastructure (ELI) and Exawatt Center for Extreme Light Studies
(XCELS) but also by means of relatively long laser pulses of more moderate intensities.
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2 General considerations
The interaction of an axion field Φ(x) and an electromagnetic field Fµν(x) = (E(x),B(x))
including nonlinear QED effects is described by the Lagrangian density1
L =− 1
4π
F +
α
360π2
4F 2 + 7G 2
F 2cr
+
1
2
[(∂µΦ)
2 −m2Φ2]− g
4π
Φ(δa,sF + δa,pG ). (2.1)
In this equation we have introduced: 1) the fine-structure constant α = e2 ≈ 1/137,
with e < 0 being the electron charge; 2) the two electromagnetic invariants F (x) =
Fµν(x)Fµν(x)/4 = −(E2(x) − B2(x))/2 and G (x) = F˜µν(x)Fµν(x)/4 = −E(x) · B(x),
where F˜µν(x) = ǫµναβFαβ(x)/2 is the dual tensor of F
µν(x), with ǫµναβ being the com-
pletely antisymmetric four-rank tensor (ǫ0123 = +1); 3) the critical electromagnetic field
of QED Fcr = m
2
e/|e|, with me being the electron mass; 4) the ALP mass and coupling
constant m and g, respectively; 5) the discrete variable a, which can be equal to either s
for a scalar ALP or p for a pseudoscalar ALP.
The terms in eq. (2.1) proportional to the fine-structure constant are the lowest-order
terms of the Euler-Heisenberg Lagrangian density in the ratios |F (x)|/F 2cr and |G (x)|/F 2cr,
which are assumed here much smaller than unity (we recall that the critical field of QED
corresponds to a laser peak intensity of Icr = F
2
cr/4π = 4.6 × 1029 W/cm2, which ex-
ceeds by about seven orders of magnitude presently available laser intensities [69]). These
terms stem from the self interaction of the electromagnetic field mediated by virtual
electron-positron pairs and, strictly speaking, arise only in the case of constant (uniform)
background fields, at least at a typical time (space) scale λC = 1/me = 1.3 × 10−21 s
(λC = 1/me = 3.9 × 10−11 cm) [66–68]. We assume that the electromagnetic field here
contains only frequencies (wavelengths) such that the above assumption is justified with
sufficient accuracy. Concerning the terms proportional to g, which describe the interaction
of the electromagnetic field and an ALP, they are also assumed to be small, such that only
lowest-order effects in g will be accounted for here.
From the above Lagrangian density the following equations of motion can be derived:
(+m2)Φ = − g
4π
(δa,sF + δa,pG ), (2.2)
∂µF
µν =
α
45π
4Fµν∂µF + 7F˜
µν∂µG
F 2cr
− g(δa,sFµν + δa,pF˜µν)∂µΦ. (2.3)
We first consider a strong, monochromatic electromagnetic field Fµν0 (x) = (E0(x),B0(x))
with amplitude E0, wave four-vector k
µ
0 = (ω0,k0) (angular frequency ω0 = |k0|) and
propagating along the negative y direction. Thus, in this framework Fµν0 (x) = F
µν
0 (ϕ0) =
(E0(ϕ0),B(ϕ0)), with ϕ0 = (k0x) = ω0(t+ y) and
E0(ϕ0) = E0 [zˆ cos(ϕ0)− σ0xˆ sin(ϕ0)] , B0(ϕ0) = −E0 [σ0zˆ sin(ϕ0) + xˆ cos(ϕ0)] , (2.4)
where xˆ and zˆ are unit vectors associated with the x- and the z-axis, respectively. Here,
the parameter σ0 can assume the discrete values 0 (linear polarization) and ±1 (circular
1Natural and Gaussian units with ~ = c = 4πǫ0 = 1 are employed throughout.
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polarization with positive/negative helicity). In addition we consider a probe plane-wave
field Fµν(x) = (E(x),B(x)) counterpropagating with respect to the strong field and with
four-wave vector kµ (angular frequency ω), i.e., Fµν(x) = Fµν(ϕ), with ϕ = (kx) =
ωt − |k|y. Note that we implicitly assumed that the probe field is much weaker than the
strong one, such that, while the strong plane wave propagates as in vacuum (refractive
index identically equal to unity), the dispersion relation for the probe field is allowed in
principle to be affected by nonlinear QED and ALP effects.
3 Birefringence and dichroism of the vacuum
It is convenient to Fourier-transform the above eqs. (2.2) and (2.3) and to work in the
four-momenta space. By expanding the resulting equations up to linear terms in the probe
electromagnetic field, the equation for the axion field is easily solved and one obtains:
φ(k) =− g
4π
iE0
k2 −m2 〈δa,s{(ω + ω0)[Az(k + k0) + iσ0Ax(k + k0)] + (ω − ω0)
× [Az(k − k0)− iσ0Ax(k − k0)]} − δa,p{(ω + ω0)[Ax(k + k0)
− iσ0Az(k + k0)] + (ω − ω0)[Ax(k − k0) + iσ0Az(k − k0)]}〉.
(3.1)
In this equation it is understood that the axion field Φ(x) can be represented as the sum
Φ0(x) + φ(x), with Φ0(x) being the solution of the corresponding wave equation in the
presence of the strong wave only. Since both the electromagnetic invariants vanish for
a plane wave, we have also assumed that Φ0(x) = 0. Moreover, in eq. (3.1) we have
introduced the Fourier transform of the four-vector potential Aµ(ϕ) of the probe field,
which in our case can be conveniently chosen as Aµ(ϕ) = (0,A(ϕ)), with ∇ ·A(ϕ) = 0.
Finally, the two poles in the function (k2 −m2)−1 are intended to be shifted such that the
retarded ALP propagator is obtained when going back to configuration space. It is easy to
see that by transforming now the equation of the electromagnetic field, we need to compute
the ALP field at kµ± kµ0 . In general, terms like A(k± 2k0) will appear in the equation for
A(k). However, since we are interested in the propagation of the probe electromagnetic
wave for a given frequency and since the effects on the propagation of that frequency of
the side-band terms shifted by ω0 would be high-order with respect to α and/or g, we can
consistently neglect these terms in our lowest-order analysis. The resulting equation for
the vector potential of the probe reads:
(
n2 − 1)A = 2α45π I0Icr [4(Azzˆ + σ20Axxˆ) + 7(Axxˆ+ σ20Azzˆ)]
−g2I0δa,s
[
Az−iσ0Ax
4ωω0−m2
(zˆ + iσ0xˆ)− Az+iσ0Ax4ωω0+m2 (zˆ − iσ0xˆ)
]
−g2I0δa,p
[
Ax+iσ0Az
4ωω0−m2
(xˆ− iσ0zˆ)− Ax−iσ0Az4ωω0+m2 (xˆ+ iσ0zˆ)
]
, (3.2)
where n = |k|/ω denotes the refractive index of the probe and I0 = E20/4π is the peak
intensity of the strong wave. Note that, for notational simplicity, the dependence on kµ of
the vector potential has been omitted.
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3.1 The linearly polarized case
We first consider the case of a linearly polarized strong wave (σ0 = 0). In this case, we
obtain from eq. (3.2) that the refractive index of the probe depends on if it is polarized
along the z direction, the so-called “parallel” configuration, or along the x direction, the
so-called “perpendicular” configuration (note that the strong field is polarized along the z
direction). The expressions of the two corresponding refractive indexes n‖ and n⊥ are
n‖ =1 +
4α
45π
I0
Icr
− δa,s g
2I0m
2
16ω2ω20 −m4
, (3.3)
n⊥ =1 +
7α
45π
I0
Icr
− δa,p g
2I0m
2
16ω2ω20 −m4
. (3.4)
The results in a constant-crossed field can be obtained starting from Eqs. (2.2)-(2.3) and by
setting ω0 = 0 in Eq. (2.4). As expected, the corresponding expressions of the refractive
indexes can be obtained from Eqs. (3.3)-(3.4) by setting ω0 = 0 and by substituting
I0 → 2I0. The latter substitution results from the fact that in the case of the oscillating
wave we have neglected the side-band terms proportional toA(k±2k0) and effectively used
the average value of the intensity of the strong wave. In the limit g = 0 the well-known
results of the refractive indexes including vacuum-polarization effects elicited by the virtual
electron-positron pairs are recovered [25, 26]. We note that vacuum-polarization effect due
to the axion field would affect only one polarization configuration, depending on if the ALP
is a scalar or a pseudo-scalar particle. The pole at
m0 = 2 (ωω0)
1/2 (3.5)
stems from the fact that one photon from the probe and one from the strong field can
create a real axion. In fact, by indicating as pµ the four-momentum of the created axion,
the mentioned divergence corresponds to the energy-momentum conservation equation kµ+
kµ0 = p
µ. Obviously, whenever the condition (3.5) is fulfilled, the refractive indexes diverge
and our perturbative approach is not applicable. However, eqs. (3.3)-(3.4) can be still
employed to explore the domain close to the resonance in which m = m0 ± ∆m, with
∆m≪ m0, provided that the condition
∆m≫ 1
4
g2I0
m0
(3.6)
is fulfilled.2 By assuming to work with a high-intensity laser as those available at the forth-
coming ELI facility [48] or at XCELS [49] and to employ an optical probe, the expression of
the resonant mass m0 and the above conditions can be written in a more transparent way
as m0[eV] = 2
√
ω[eV]ω0[eV] and 3.7 g
2[GeV−1]I0[10
25 W/cm2]/m20[eV]≪ (∆m/m0)≪ 1,
respectively.
2We note, however, that, by assuming that the next higher-order term in g is of the order of the square
of the lowest-order term in eqs. (3.3)-(3.4), then the latter equations can be consistently employed only if
(g2I0/4m0∆m)
2
≪ (4α/45π)(I0/Icr).
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We pursue our analysis by shifting the position of the pole in eqs. (3.3) and (3.4) as
indicated below eq. (3.1). Thus, the two refractive indexes acquire an imaginary part given
by
Im(n‖) = −δa,s
π
2
g2I0δ(4ωω0 −m2), Im(n⊥) = −δa,pπ
2
g2I0δ(4ωω0 −m2). (3.7)
In this context, the quantities κ‖/⊥ ≡ 2 Im(n‖/⊥)ω coincide with the photon attenuation
coefficients in the head-on collision of a probe photon with the strong plane wave in the
corresponding mutual polarization configuration (note that here we neglect the axion-
photon back conversion, which is an higher-order process in g). This means that the
intensity I‖/⊥(L) of a probe field polarized in the parallel/perpendicular direction, will be
I‖/⊥(L) = exp(−κ‖/⊥L)I‖/⊥(0), after propagating a distance L inside the strong laser field.
It is worth noting that the photon attenuation coefficients κ‖/⊥ are singular as a conse-
quence of considering a monochromatic strong field. The divergence, however, disappears
for a pulsed strong plane-wave of the form
E0(ϕ0) = E0f(ϕ0) cos(ϕ0 + ϕCEP)zˆ, B0(ϕ0) = −E0f(ϕ0) cos(ϕ0 + ϕCEP)xˆ, (3.8)
with f(ϕ0) being a (non-negative) shape function and with the CEP ϕCEP. In this case,
instead of employing the optical theorem, one can directly calculate the probability that
a photon with four-momentum kµ = (ω,k) and polarization λ =‖,⊥ transforms into an
ALP in passing through the strong laser field in eq. (3.8). By starting from the Lagrangian
density in eq. (2.1), it follows that the probability associated with the conversion process
reads
Pa,λ = g
2
16
I0
ω20
(δa,sδλ,‖ − δa,pδλ,⊥)2
∣∣∣∣eiϕCEPG
(
m2
4ωω0
+ 1
)
+ e−iϕCEPG
(
m2
4ωω0
− 1
)∣∣∣∣
2
(3.9)
where G(̺) =
∫
dϕ exp(i̺ϕ)f(ϕ). We mention that, in deriving this expression of the
probability, one has to transform the conserving δ-function δ(p+ − k+ − k+0 ), where q+ =
εq + qy for a generic on-shell four-momentum q
µ = (εq, q), into a δ-function of the form
δ(ky −Ky), with Ky resulting from the equation p+ − k+ − k+0 = 0, before performing the
square of the δ-function itself (see also [70]).
We find interesting that for a finite pulse, the probability of ALP production depends on
the pulse shape and, in particular, on the CEP of the strong laser field. On the other hand,
if f(ϕ) = 1, the total probability Pa,λ coincides with the corresponding photon attenuation
coefficient times the interaction length L, once one identifies the total interaction phase
Φ = 2ω0L in the case of a photon counterpropagating with respect to the strong laser
beam. This fact provides evidences that the side-band contributions A(k ± 2k0) do not
play a role as long as one is interested in the leading order term ∼ g2.
The above analysis indicates that both for a scalar or pseudoscalar ALP, the effect of
the axion can in principle be isolated from that of the virtual electron-positron pairs by
measuring the intensity of the probe after the interaction. In fact, in the former (latter)
case the component of the probe field parallel (perpendicular) to the electric field of the
– 6 –
strong wave is expected to be attenuated by a factor ∼ exp(−Ps,‖/2) (∼ exp(−Pp,⊥/2))
after crossing the laser pulse. Note that Ps,‖ = Pp,⊥ = Pl, with
Pl = g
2
16
I0
ω20
∣∣∣∣eiϕCEPG
(
m2
4ωω0
+ 1
)
+ e−iϕCEPG
(
m2
4ωω0
− 1
)∣∣∣∣
2
. (3.10)
The reduction of a component of the electric field of the probe induces a rotation δϑa of
the probe polarization for a scalar/pseudoscalar ALP. For a probe initially polarized at an
angle ϑ with respect to the x-axis, the rotation δϑa of the probe polarization angle is given
by
δϑa =
1
4
(δa,s − δa,p)Pl sin(2ϑ). (3.11)
Note that the sign of the rotation induced by the ALP depends on whether it is a scalar
or a pseudo-scalar particle. Finally, in the case of a the strong Gaussian wave with f(ϕ) =
exp[−ϕ2/2(∆ϕ)2], one obtains
G(̺) =
√
2π∆ϕe−
1
2
̺2∆ϕ2 . (3.12)
We want to conclude this section by pointing out that for a spatially focused strong field,
rotation of the probe polarization are also expected from pure nonlinear QED effects [58–
60].
3.2 The circularly polarized case
The case of a circularly-polarized strong wave
E0(ϕ0) = E0f(ϕ0)[zˆ cos(ϕ0 + ϕCEP)− σ0xˆ sin(ϕ0 + ϕCEP)], (3.13)
B0(ϕ0) = −E0f(ϕ0)[σ0zˆ sin(ϕ0 + ϕCEP) + xˆ cos(ϕ0 + ϕCEP)], (3.14)
is easily analyzed by considering a circularly-polarized probe as well with helicity σ. In
this case the refractive nσ is the same for both a scalar and a pseudoscalar ALP and, for
a monochromatic strong field, it reads
nσ = 1 +
11α
45π
I0
Icr
− g
2I0σσ0
4ωω0 − σσ0m2 . (3.15)
In the case where g = 0 the resulting refractive index coincides with the one obtained in
[25, 67]. Besides, our expression shows that only the refractive index of a wave with the
same helicity of the strong field (σσ0 = +1) acquires an imaginary part connected to the
total production probability Pσ of an ALP. This fact is explained via the conservation of
the component Jy of the total angular momentum along the y-axis and the fact that in
the monochromatic case all laser photons have helicity σ0
3. In fact, since the ALP also
propagates along the y-direction and since it is a spin-0 particle, the creation process is
allowed only if the helicity of the probe and of the strong-field photon are the same. For
the same reason as for the linear polarization, this probability diverges. This fact motivates
3This is statement is no longer valid in the case where the external laser wave is a pulsed field of the
form (3.13)-(3.14).
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us to investigate the realistic case where the field of the wave is a circularly polarized laser
pulse. In such a case, the ALP production probability is finite and, both in the scalar and
in the pseudoscalar case, it is given by
Pσ =g
2
8
I0
ω20
∣∣∣∣δσσ0,−1eiϕCEPG
(
m2
4ωω0
+ 1
)
+ δσσ0,1e
−iϕCEPG
(
m2
4ωω0
− 1
)∣∣∣∣
2
. (3.16)
We note that the factor two arising in this expression with respect to eq. (3.9) does not
represent an effective enhancement of the probability, as for producing a circularly polarized
wave with a given amplitude, twice the energy is required than for a linearly polarized field
with the same amplitude. Also in the present circularly-polarized case, the ALP production
probability in general depends on the temporal shape and, in particular, on the CEP of
the strong pulse. Due to ALP production, a linearly-polarized probe field passing through
a circularly polarized strong laser beam with σ0 = ±1 acquires an ellipticity ψ, given by
ψ =
1
4
|P+ −P−| = g
2
16
I0
ω20
∣∣∣∣G2
(
m2
4ωω0
− 1
)
−G2
(
m2
4ωω0
+ 1
)∣∣∣∣ , (3.17)
which can be exploited as a possible observable indicating the occurrence of ALP photo-
production (see also section 4). By employing eq. (3.12), the expression of the ellipticity
in the case of a Gaussian profile, can be easily obtained.
It is interesting to observe here that higher-order corrections to the refractive index
in ∼ ωω0/m2e due to vacuum polarization do also depend on the mutual helicity of the
probe and the strong wave [66, 68]. A similar result has been obtained from the general
expression of the vacuum polarization tensor [67]. However, such corrections are safely
negligible at the optical frequencies we have in mind here.
4 Exclusion limits
Since the birefringence effects in a strong circularly polarized wave only arise in principle
from the photon-ALP interaction, we limit to this case here.
The non-observation of astrophysical and cosmological consequences embed the mass
of the QCD axion within a quite limited range 10−6 eV < m < 10−2 eV [11, 12]. It is
worth mentioning at this point that the lowest limit has been established from different
axion production processes which arise in different early universe scenarios as such vacuum
realignment and string decay [11]. In contrast, the upper one follows from the absence
of an observational discrepancy–associated with an energy-loss argument–in the supernova
SN1987a [11, 12]. In order to keep the argument as general as possible we employ the more
general expression of nσ in eq. (3.15). In this framework, the direction of polarization
of an initially linearly polarized probe, after passing through a circularly-polarized strong
laser field extending over a length L, will be tilted by an angle ϑ = (1/2)(n+ − n−)ωL. In
the case under consideration, it is
ϑ|m2 6=4ωω0 ≈ −σ0
g2I0
4ω0ω −m2ωL, (4.1)
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where the condition m2 6= 4ωω0 has to be intended as that we are sufficiently far away from
the resonance according to eq. (3.6). Since the strong wave is assumed to be monochro-
matic, it is understood that ω0L = 2πL/λ0 ≫ 1, where we have introduced here the
wavelength λ0 of the strong field. Eq. (4.1) indicates that the rotation of the polarization
angle depends on the product I0×L. From this point of view, at a given strong laser spot
radius, the result depends only on the total energy of the laser.
In order to investigate how the presented experimental setup can provide information
on the value of the coupling constant g, we initially consider the parameters of the quasi-
monochromatic strong pulse as those envisaged for OMEGA EP system [71] at Rochester,
USA. Among its four consisting beamlines, there are two which could operate in the infrared
regime with ω0 ≈ 1.17 eV (λ0 = 1 µm), temporal length of about 1 ps (corresponding to
L = 300 µm) by delivering, in addition, intensities I0 of about 2×1020 W/cm2. The probe
beam, on the other hand, could be one of the remaining beamlines operating at the same
frequency ω = ω0. By taking into account that in the optical regime ellipticities of the order
of 10−10 have been already measured [72], a negative result of such an experiment would
exclude coupling constants g & 3.1 × 10−5 GeV−1. We point out that the measurement
of an ellipticity of the order of 10−10 requires that at least about 1020 photons from the
probe pass through the interaction region. This requirement is fulfilled by the OMEGA
EP system, as each beamline has an energy of 1 kJ, i.e. about 1022 photons [71]. In
addition, since the beams have similar features and they have a relatively long duration,
one can expect that, in principle, a good space-time overlapping of the beams can be
achieved. Finally, we note that the mentioned beamlines at OMEGA EP are expected to
be focused to a spot radius of 10 µm [71], i.e. about ten times the laser wavelength, such
that our calculations performed in the plane-wave approximation are expected to apply
with sufficient accuracy.
Let us analyze the constraint that arises when an ultra-intense laser pulse of duration
15 fs, photon energy ω0 ≈ 1.55 eV (such that L = 4.5 µm) and intensity I0 ≈ 1025 W/cm2 is
taken into account. We point out that laser systems with such parameters are envisaged to
be available at the ELI and at XCELS facilities. In order to have a precise synchronization
between the colliding waves it will be convenient to chose the probe beam as a fraction
of the high-intensity laser wave and to double its frequency (ω = 2ω0). Considering the
sensitivity given above for polarimetric measurements in the optical regime, we find that
the values of g & 1.3× 10−6 GeV−1 are excluded for ALP masses sufficiently far from and
smaller than the resonance value 3.1 eV (note that “how far” also depends on the value of
the coupling constant g, see eq. (3.6)). This result is more stringent than those obtained
via laboratory-based experiments, as the “Light-Shining-Through-a-Wall” ones [39, 40] for
ALP masses above 10 meV. It is worth observing that the energy of both the ELI and the
XCELS facility will largely exceed 1 kJ [48, 49] such that an adequate choice of the fraction
of energy employed for the probe beam will ensure in principle that more than 1020 probe
photons pass through the interaction region. This would allow, at least in principle, for
measuring such small ellipticities as 10−10 in a single shot, which is particularly important
in this case as, according to the present knowledge, a high shot-to-shot repeatability of
the laser performances at such intensities is not guaranteed. Finally, we mention that in
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Figure 1. Exclusion regions in the (g,m)-plane obtained from a polarimetric setup assisted with an
intense circularly polarized laser field. While the green and cyan shaded areas were determined from
the rotation induced by an ALP on the initial polarization plane eq. (4.1), the black and red wedges
were found from the ellipticity eq. (4.2). The respective resonant peaks occur at m0 = 2.3 eV
(black) and m0 = 4.4 eV (red). The inclined yellow band covers the predictions of the axion
models with |E/N − 1.95| = 0.07 − 7 (the notation of this formula is in accordance with Ref.
[15]). The constraint resulting from the horizontal branch stars (HB stars (dashed line)) are also
shown. Further exclusion regions (shaded areas in the left corner) provided by different experimental
collaborations dealing with Light Shining Through a Wall mechanism have been included too (see
legend). The exclusion limit resulting from the solar monitoring of a plausible ALP flux (CAST
experiment) has been included as well (dotted line). We point out that the upper bound resulting
from such an experiment strongly oscillates in the mass region 0.4 eV 6 m 6 0.6 eV. Since we
cannot reproduce this oscillating pattern, we show a straight dotted line, corresponding to the
exclusion limit g 6 2.3 × 10−10 GeV−1, established in [15] at 95% confidence level. For the exact
picture of the CAST exclusion limits, we refer the reader to the original publication [15] by the
CAST collaboration.
order to reach such high intensities, the beams at the ELI and the XCELS facility are
expected to be spatially focused to about one wavelength [48, 49]. Thus, we expect that
our numerical results provide an order-of-magnitude estimate, which is enough here as a
first investigation of such effects. However, a more realistic spatial shape of the laser pulse
has to be employed for a more quantitative prediction.
If one ignores astrophysical ALP-mass bounds, severe constraints can be also found
from the ellipticity [eq. (3.17)], when working close to the resonance for δ = |4ωω0 −
m2|/m2 ≪ 1. For example, in the case of a Gaussian pulse [see eq. (3.12)] with ∆ϕ larger
than unity, the ellipticity in eq. (3.17) reduces to
ψ|δ≪1 ≈
π3
2
g2
I0
ω20
N 2e−(2πN δ)2 , (4.2)
where we set ∆ϕ = 2πN , with N being the number of cycles in the pulse. By assuming
to work sufficiently close to the resonance that 2πN δ ≪ 1, and by considering again the
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parameters envisaged at ELI and XCELS (for these lasers it is N ≈ 5.6), the absence of a
trace of an ALP in an experiment with sensitivity of the order of 10−10, would imply that
values g & 1.8×10−7 GeV−1 are excluded at m ≈ 4.4 eV. Note that eq. (4.2) also suggests
that more stringent exclusion limits can be obtained for very long pulses at relatively low
intensities. However, such exclusion limits will be valid in very narrow regions according to
the constraint 2πN δ ≪ 1. As an example, we show the numerical results in Fig. 1 (black
wedge) for the parameters associated with the OMEGA EP laser: I0 = 2 × 1020 W/cm2,
N = 300, ω0 = 1.17 eV. We remark that the constraint 2πN δ ≪ 1 prevents from taking
the monochromatic limit N →∞ directly in eq. (4.2). This limit can be obtained by first
reconsidering eq. (3.17) and by applying the procedure described below eq. (3.9).
Our potential discovery are summarized in Fig. 1, where some experimental results have
been included. The prediction covered by the hadronic models of Dine-Fischler-Srednicki-
Zhitnitskii (DFSZ) [73, 74] and Kim-Shifman-Vainshtein-Zakharov (KSVZ) [75, 76] axions
are also displayed. Clearly, our results shows that complementary regions in the (g,m)-
plane, which are not accessible by laboratory investigation based on dipole magnets, can
be probed. Still, it remains excluded by the upper bound resulting from the solar search of
axions coming from the sun [15] and the constraints associated with the horizontal branch
(HB) stars, emerging as consequence of considerations of stellar energy loss due to the axion
production [18]. However, it is worth mentioning at this point that the bounds resulting
from the absence of plausible astrophysical and cosmological consequences rely on many
assumptions which, eventually, might over estimate the upper limit. Indeed, it has been
established that the inclusion of macroscopic quantities such as the temperature and the
density of the star might relax the aforementioned constraints [19, 20].
5 Summary and outlook
The self interaction of the electromagnetic field, as mediated by the virtual electron-
positron pairs and by a (pseudo)scalar ALP field has been analyzed. In particular, the
change in the polarization state of a probe laser field passing through a counterpropagat-
ing strong laser field has been studied by considering the two cases of linearly and circularly
polarized strong field. In both cases a perturbative treatment was implemented to deter-
mine the refractive indexes of the probe. In the case of a linearly polarized strong beam,
the coupling with the scalar/pseudoscalar ALP leads to a modification of the already exist-
ing birefringence resulting from the polarization of the virtual electron-positron pairs. In
contrast, when the strong field is circularly polarized, the pure QED-vacuum is no longer
birefringent. However, the coupling with an ALP does generate a birefringence and dichro-
ism in the vacuum. The latter is due to the fact that, according to the conservation of
angular momentum, only a probe photon and a strong field photon with the same helicity
can produce an ALP.
In addition, the photon attenuation coefficients in the case of a plane wave with arbi-
trary pulse form have been determined (the particular case of a Gaussian profile has been
worked out explicitly). The resulting ellipticity induced by the photon-axion oscillation in
the field of a circularly polarized plane wave has been then calculated. Both in the linearly-
– 11 –
and in the circularly-polarized strong-field case, we have seen that the attenuation coeffi-
cients depend on the temporal shape and, in particular, on the CEP of the strong pulse.
Moreover, we have shown that a high-precision measurement of the latter observable could
improve the experimental constraints on the photon-axion coupling constant in the region
in which the ALP mass is of the order of ∼ 1 eV. Of course, several questions regarding
the ALP-photon oscillation in a strong laser field remain open. It would be interesting,
for instance, to determine how the collision angle between the probe and the strong laser
fields could be exploited to analyze the resonant masses below the eV-regime. This and
other issues will be studied in [77].
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